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ABSTRACT. The Sadenosyl--homocysteine (AdoHcy) hydrolases catalyze the reversible conversion of
AdoHcy to adenosine and homocysteine, making use of a catalytic cycle in which a tightly bound NAD
oxidizes the 3hydroxyl group of the substrate at the beginning of the cycle, activating't@#i4oond

for elimination of homocysteine, followed by Michael addition of water to the resulting intermediate and
a final reduction by the tightly bound NADH to give adenosine. The equilibrium and kinetic properties
of the association and dissociation of the cofactor NABm the enzymes dflomo sapiengHs-SAHH)

and Trypanosoma cruz{Tc-SAHH) are qualitatively similar but quantitatively distinct. Both enzymes
bind NAD" in a complex scheme. The four active sites of the homotetrameric apoenzyme appear to
divide into two numerically equal classes of active sites. One class of sites binds cofactor weakly and
generates full activity very rapidly (in less than 1 min). The other class binds cofactor more strongly but
generates activity only slowly=30 min). In the case of Tc-SAHH, the final affinity for NADis roughly
micromolar and this affinity persists as the equilibrium affinity. In the case of Hs-SAHH, the slow-
binding phase terminates in micromolar affinity also, but over a period of hours, the dissociation rate
constant decreases until the final equilibrium affinity is in the nanomolar range. The slow binding of
NAD™ by both enzymes exhibits saturation kinetics with respect to the cofactor concentration; however,
binding to Hs-SAHH has a maximum rate constant around 0-06weile the rate constant for binding

to Tc-SAHH levels out at 0.0067%. In contrast to the complex kinetics of association, both enzymes
undergo dissociation of NADfrom all four sites in a single first-order reaction. The equilibrium affinities

of both Hs-SAHH and Tc-SAHH for NADH are in the nanomolar range. The dissociation rate constants
and the slow-binding association rate constants for NABow a complex temperature dependence with
both enzymes; however, the cofactor always dissociates more rapidly from Tc-SAHH than from Hs-
SAHH, the ratio being around 80-fold at 3T, and the cofactor binds more rapidly to Hs-SAHH than

to Tc-SAHH above~16 °C. These features present an opening for selective inhibition of Tc-SAHH over
Hs-SAHH, demonstrated with the thioamide analogues of NARd NADH. Both analogues bind to
Hs-SAHH with~40 nM affinities but much more weakly to Tc-SAHH (6-85 «M). Nevertheless, both
analogues inactivated Tc-SAHH 60% (NARnalogue) or 100% (NADH analogue) within 30 min, while

the degree of inhibition of Hs-SAHH approached 30% only after 12 h. The rate of loss of activity is equal
to the rate of dissociation of the cofactor and thus 80-fold faster &C3for Tc-SAHH.

SAHH! (1) catalyzes the reversible interconversion of regulator of methylation reactiong)(and a key enzyme of
AdoHcy to adenosine (Ado) and homocysteine (Hcy), with the methyl cycle. Inhibition of the expression of SAHH in
physiological conditions favoring the hydrolytic reaction. mammalian cells causes an increase in the cellular level of
SAHH is the only known catabolic enzyme of AdoHcy, a AdoHcy and inhibition of AdoMet-dependent methyltrans-
powerful transmethylation inhibitor, and thus an endogenous ferases, thereby affecting the methylation status of nucleic
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acids, proteins, phospholipids, and small molecul®s ( 50 mM Tris-HCI (pH 7.4) containing 1 mM EDTA. A typical
Parasites such dsypanosoma cruzLeishmania dongani, procedure is as follows. The cell-free extract was loaded onto
and Plasmodium falciparumexpress their own AdoHcy a Q-Sepharose Fast Flow column (26/10), and the enzyme
hydrolases%—5). Inhibition of parasitic SAHH suppresses was eluted with 56150 mM NaCl in buffer. The enzyme
the growth of these parasites. For example, 3-deazaaristerosample was then passed through a Hiload Phenyl-Sepharose
mycin and 2 3'-dihydroxycyclopentanyladenine inhibit the column (26/10) and a Hiload Superdex 200 column (16/60)
growth ofL. donasani (6). Neplanocin A and '45'-didehy- and placed on a MonoQ column (10/10) from which the
dro-5-fluoroadenosine inhibit the growth &f. falciparum purified enzyme was eluted with 500 mM NacCl in
(7, 8), and 7-deaza‘foraristeromycin and'3leoxyadenos-  buffer.
ine have inhibitory effects on the growth @fypanosoma Enzyme Actity Assay and Determination of Kinetic
species9, 10). Such observations suggest the possible utility Properties SAHH activity was assayed in the synthetic
of SAHH inhibitors as antiparasitic agents if inhibitors direction by measuring the rate of formation of AdoHcy from
specific for the parasite enzymes can be found. Ado and Hcy by use of HPLC as previously describ&6, (
SAHHs are highly conserved homotetrameric proteins 17). The enzyme activity in the hydrolytic direction was
(11—13). Hs-SAHH has 432 amino acids per subunit, and determined by coupling the conversion of AdoHcy to Ado
its amino acid sequenceis70% identical with those of the ~ and Hcy to the deamidation of Ado with catalysis by Ado
enzymes fromT. cruzi L. donaani, and P. falciparum  deaminasel(7).
(1, 3). The enzymes from human and rat sources (the latter Determination of Apoenzyme Concentrations by Titration
being 97% identical to the human enzyme) have been well With NAD*. The apoenzyme was prepared as previously
studied, and X-ray crystallographic structures of various described 18). All enzyme and apoenzyme concentrations
complexes of the human placenta and rat liver enzymes areused in this paper are given as formal concentrations of the
available (4, 15). Recently, the structure of SAHH frof. monomeric subunit. Because NADinds to both Hs-SAHH
falciparum was published 13), and the structure of Tc- and Tc-SAHH very tightly at 22C (Kq below 50 nM at
SAHH with bound Neplanocin A (unpublished data of Q.- 22°C for both enzymes), the concentration of the apoenzyme
S. Li and W. Huang) has been determined. Comparisons ofcan be determined by NADtitration. To a volume of
the sequence and structure of Hs-SAHH with those of Tc- 10 uL containing initially 40uM apoenzyme were added

SAHH and theP. falciparum enzyme show a strong successive 1QiL portions of a NAD" stock solution to
similarity among the three enzymes. produce concentrations from 1.5 to 18M. The solutions

However, it was reported that the enzymes fréncruzi were then.incubated at 222 until no further increase was
andL. donaani bound NAD' less tightly than the human ~ ©bserved in enzyme activity (usually from 20 to 90 min).
enzyme 8, 4), and we also observed that the enzyme from Enzyme ac't|V|ty was measure_d in the hydrolytic d_lrectlon.
P. falciparum bound NAD' less tightly than the human Concentrations of NAD were increased to approximately

enzyme (unpublished data). Therefore, the cofactor-binding 9 times the saturation value, and the enzyme concent_ration
site and its properties have become a focus of interest for (Monomers) was thought to be equal to the concentration of

finding those distinguishing features among these enzymes€NZyme-bound NAD under saturation conditions. AtNAD
that might permit differential inhibition. In this work, we concentrations below the equivalence point, the activity is

have systematically analyzed the comparative kinetics of €du@l toy[NAD™], wherey is the activity per occupied active
cofactor association and dissociation and their temperatureSité and is equal to the slope of the plot of activity versus

dependences for Hs-SAHH and Tc-SAHH. [NAD*]. Above the equivalence point, the slope becomes
zero and the intercept become§E]it = Y[NAD Mnound
MATERIALS AND METHODS where [E], is the total enzyme concentration expressed as

monomers. The intercept/slope ratio thus yields the relation-
Expression and Purification of Hs-SAHH and Tc-SAHH  ship [E}ot = [NAD *]houne The values of [E}; corresponded
The expression of the two enzymes was basically the sameclosely to the values calculated from the protein concentra-
as that previously described,(4). Briefly, in separate tion.
experiments, the gene encoding each enzyme was inserted Determination of Rate Constants for Association of NAD
into the pPROK-1 vector (Clontech), and the recombinant and NADH with Apoenzyme (apparent first-order rate
plasmids were transferred inkscherichia colstrain IM109.  constant ky, and apparent second-order rate constag) k
The transformedt. colicells grew n 1 L of 2x YT medium Typically, to a 50uL solution [50 mM phosphate buffer
containing ampicillin (100 mg/L) at 37C. When the (pH 7.4) and 1 mM EDTA] containing M apoenzyme
absorbance at 600 nm reached-6048, 1 mM isopropyl were added successive portions ofi80of a stock solution
1-thio-3-p-galactopyranoside was added to induce protein to produce concentrations of NADfrom 1 to 300uM.
expression during the incubation at 3C for 8 h for Hs- ~ Samples were taken for activity assay at measured times
SAHH and at 25°C for 12 h for Tc-SAHH. during incubation at the desired temperature. The measured
The procedures for purification of the two enzymes were activities @) were either converted to the amount of
the same except that 30M NAD * was added to the buffer enzyme-NAD™ complex or used directly in eq 1.
before purification of Tc-SAHH. The harvestéd coli cells — A _ (A _ _
containing the enzyme were stored-a80 °C. Preparation A=A = (A~ Adlexp(epd)] @)
of a cell-free extract was carried out as previously described whereA is the activity measured at tinteA, is the activity
(3, 4). The enzyme was purified from the cell-free extract atthe apparent time zero (reflecting reaction during the dead
by means of four columns in a FPLC system (Amersham time of the experiment)) is the activity at the end of the
Biosciences). The buffer during all purification processes was experiment, andkap, is a first-order rate constant for
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association that generally will be a function of [NAP At Determination of the Equilibrium Dissociation Constants
5 uM NAD*, A, is quite small andk,pp is approximately (Kg) for NAD" and NADH The equilibrium dissociation
proportional to [NADT]; an apparent second-order rate constants for NAD were calculated from the ratio of the
constant for the association reactiok,,) was therefore  dissociation and association rate constarkg\VC" =

calculated from data at this concentration las = Kapd Kori/kor) Which were measured as described above.
[NAD*] and was used in the calculation of the equilibrium  The equilibrium dissociation constants for NADH were
dissociation constant (see below). calculated from the loss of enzyme activity as NADH

In the measurement df,,, for NADH, the bound NADH replaces NAD in the enzyme active sites. In the absence

was monitored by a fluorescence method as previously of added NADH, the activity of the enzyme will be
described 16). proportional to the fraction of enzyme associated with NAD

Determination of the Rate Constants for Dissociation of S in€d 3
NAD* from Hs-SAHH and Tc-SAHH4H. A 200uL solution —) — + NAD*
containing 4«M SAHH, 80 units/mL alcohol dehydrogenase, A(INADH]=0) = oE,{[NAD "J/(K4™ + X
30 mM 2-propanol, 2 mM NADH, and 1 mM EDTA in a [NAD'])] (3)

50 mM phosphate buffer at pH 7.4 was incubated at a desiredyhereq. is a known function of the enzyme kinetics [for the
temperature. Samples were taken at measured times for thgyyqrolytic direction of SAHH actiong. is proportional to
determination of enzyme activity. The concentration of keafAdoHcy]/(Ky + [AdoHcy]) andEq, is the total concen-
NADH, binding of which to the enzyme rendered the yration of enzyme in all forms (E and-BENAD)]. In the

dissociation of NAD irreversible, was in large excess over presence of NADH, the activibh is proportional to a total
the enzyme concentration and did not significantly change enzyme concentration given by eq 4a

during the experiments. As a control for thermal inactivation .
of the enzyme, the activity of SAHH was also determined E,, = [E] + [E—NAD '] + [E-NADH] =

under the same conditions described above except that no _ + NAD* +
NADH or alcohol dehydrogenase was present. The time [E=NAD ](Kf /INAD"] + 1+
dependence of the relative enzyme activityAy) in both K, P INADH]/ K **P"INAD ™)) (4a)

the dissociation experiment and the thermal inactivation
control fitted to eq 2, which is equivalent to eq 1 when

A =0. A= aE /(K" [NAD ] + 1+
A, = exp(-kypd) (2) K4 INADH]/ K4 [NAD]) (4b)

Combining egs 3 and 4b then gives eq 5:

In the control experiment for loss of activity by thermal NADH NAD+
inactivation, kobs = kina, the first-order rate constant for A(INADH]=0)/A =1+ ([INADH]J/ Ky ")(Ky ™ /
thermal inactivation of the enzyme. When thermal inactiva- NAD* +
tion and NAD' dissociation were occurring simultaneously, (Kq +INADT]) (5)
Kobs = kiot = kina + Koft, Wherekss is the apparent first-order  BecauseKNP" is known, nonlinear least-squares fitting
rate constant for dissociation of NAD The rate constant  (Origin, Microcal) of A as a function of [NADH] to eq 5
kow for NAD* dissociation was then obtained from the then yieldsK NAPH,
equationker = kiot — Kina- Inhibition of Hs-SAHH and Tc-SAHH by the NAD(H)

Determination of Thermal Stability by Circular Dichroism ~Analogues, S-NADand S-NADH Thionicotinamide adenine
(CD) SpectroscopyCD spectra were measured with a Jasco dinucleotide (S-NAD) was obtained from Sigma (T7375).
J-720 spectropolarimeter equipped with a Peltier temperatureT he reduced form of thionicotinamide adenine dinucleotide
controller. Enzyme samples [0.1 mg/mL in 50 mM phosphate (S-NADH) was prepared from the oxidized form by use of
buffer (pH 7.4) and 1 mM EDTA] were contained in alcohol dehydrogenase (Sigma, A-3263). Reduction of the
0.1 cm path length cells. A resolution of 0.2 nm and a Oxidized form of S-NAD" was followed by HPLC using the
scanning speed of 20 nm/min Wit 2 sresponse time were  procedure described for the enzyme activity assay. The loss
employed. Spectra presented are an average of three conof activity of Hs-SAHH and Tc-SAHH was monitored as

secutive spectra. For the thermal stability experiment, the described above, and equilibrium dissociation constants of
signal at 222 nm was measured at 8Clintervals with use  the thione analogues S-NATand S-NADH were calculated

of a temperature ramp rate of 8Q/h. by the same method used for NADH. To determigefor

Thermal Stability Measurements by Differential Scanning S-NAD™ and S-NADH, 2QuL volumes of solutions of Hs-
Calorimetry (DSC) Apoenzyme samples (2 mg/mL) were SAHH or Tc-SAHH reconstituted with S-NADand S-
degassed under mild vacuum for 15 min before thermogramsNVADH (and thus catalytically inactive) were incubated in
were obtained with a Microcal (Northampton, MA) DSC the presence of 5 mM NADat 37°C. Samples were taken
instrument. A 0.9 mL solution of buffer containing 50 mm @t the desired times, and the activity was measured. The
phosphate and 1 mM EDTA (pH 7.4) was placed in the fractional gain in activity with time was taken to be equal
reference cell, and the apoenzyme sample in the same buffefO the fractional release of S-NADor S-NADH.
was placed in the sample cell. Thermograms from 25 to RESULTS
80 °C were collected at a scan rate of 80/h. Similar scans
obtained with buffer in both the reference and sample cells  Kinetics of the Dissociation of NADfrom Hs-SAHH and
were subtracted from the apoenzyme thermograms. Tc-SAHH Figure 1 shows the loss of fractional activity as

so that the activity is given by eq 4b.
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low-temperature regime and the subscript h denotes those

§‘ 1001 for the high-temperature regime, corresponds to parallel
‘5 dissociation reactions with different activation parameters.
§ 0.751 Attempts to fit this expression to the data produced very large
£ 050) Hs-SAHH errors in the adjustable parameters and plots that failed to
EIe intersect some of the points. This expression produces
= curvature that is too gentle to correspond to all the data.
R Te.SAHH The expression of eq 6b allows for a more abrupt shift
£ 2 “ from the low-temperature to the high-temperature regime in
&2 0.001 a transition with equilibrium thermodynamic parameters

0 200 400 600 800 1000 AS’ s, and AH® 4. This approach requires determination of
six adjustable parameters. Since the data sets contain only

Ficure 1: Time course of the loss of enzyme activity at®7 as seven (Tc-SAHH) and eight (Hs-SAHH) experimental points,
NAD - dissociates rom Hs SAH [Shallow curvi e Ky the full-scale fitting exercise is futile. Therefore, the two

(5.1+ 0.1) x 105574 and Tc-SAHH [steep curvekops = koft = temperature regimes were independently fitted to an Eyring
(4.7+ 0.1) x 1073 s71]. The solid lines are exponential functions expression (egs 6¢ and 6d) for each set of data.
(eq 2).

Time (min)

c 395 30,0 215 koi/(KT/N) = exp(AS, /R — AH*,/RT)  (60)

k. (KT/h) = exp(AS',/R — AH*/RT) (6d)

The values of the quasi-thermodynamic parameters of
o activation are given in Table 1. The conversion temperature
:% -141 T, for passage from the low-temperature regime to the high-
= Hs-SAHH temperature regime is given by eq 7, and values are listed
- in Table 1.

Tc-SAHH

T,= (AH, — AH® )/((AS', — AS')) (7)

0.0032 0.0033 0.0034
UT (K Kinetics of the Association of NADwith Tc-SAHH and
FIGURE 2: Temperature dependence of the rate constant for HS-SAHH In contrast to the simple first-order reaction of
dissociation of NAD from Hs-SAHH (bottom curve) and from  cofactor dissociation, the association of NA@ith rat-liver
Tc-SAHH (top curve). The lines are intersecting Eyring plots with  SAHH has been reported ) to exhibit biphasic kinetics,
the parameters given in Table 1. with half of the full complement of the cofactor binding

a function of time as NAD dissociates from Hs-SAHH and  during the dead time of the experiment and the other half
Tc-SAHH. The data are described by a simple single- binding over~1 h (concentrations o_f apoenzyme of 15.9
exponential function (eq 2) and after correction for thermal #M and NAD" of 185-555 uM). Figure 3 shows the
inactivation (negligible under these circumstances) yield the @Ssociation kinetics for Tc-SAHH and Hs-SAHH fopM
dissociation constark:. apoenzyme (as monomers) reacting with1DOuM NAD *

Temperature Dependence of the Kinetics of the Dissocia- (further experiments, not shown, extended the range of
tion of NAD" from Tc-SAHH and Hs-SAHHFigure 2 NAD+ concentrations to 302M). Both enzymes exhibit
presents Eyring plots of the first-order rate constégigor first-order _klnet|c§ of cqfactor as;omatmn at a.||. cofactor
dissociation of the cofactor NADfrom Hs-SAHH (from  concentrations, with the increase in enzyme actigitypon
31 to 45.5°C) and from Tc-SAHH (from 21 to 37C). The cofactor binding following eq 8, equivalent to eq 1 above,
Eyring plots are nonlinear for both enzymes, consisting of a With A. being the activity at the apparent time zefpthe
linear low-temperature regime and a linear high-temperature@ctivity at very long times, andap, the first-order rate
regime. Two expressions (egs 6a and 6b) were considered-onstant, all being functions of [NAD.
for fitting of the data, corresponding to mechanistic models

in the Discussion. A=A~ [(A = A) exp(kpd)] (8)

K/ (KTTh) = exp(A§//R _ AH*//RT) + exp(A§MR _ Pa_rticularly at cofactor concentra_ltions greater thdml\_/l,
considerable binding occurs during the mixing period or

AH*/RT) (6a)  dead time of the experiment (fast binding) and is measured
by A.. The remainder of the sites is occupied more

Ko/ (KT/h) = [exp(A§//R — AH*//R'I)](ll{ 1+ slowly with a rate constark,p, (Slow binding) to produce a
A R) — AH° ./R + AS /R — total final activity As which is the sum of activities generated
[exp(¢ SR A/RTI}) + [exp( Sth/ by the fast-binding component and the slow-binding
AH"/RT)]([exp(AS’1/R) — AH® 4/RTI{1 + component.
[exp(AS’,/JR — AH°,,/JRT)]}) (6b) A model to be presented in the Discussion suggests that

the magnitudes of the fast-binding component of actidity
The expression of eq 6a, where the subscfigenotes the sum of fast-binding and slow-binding components of
the quasi-thermodynamic parameters of activation for the activity A;, and the rate constamty, for the slow-binding
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Table 1: Quasi-Thermodynamic Parameters of Activation and Conversion TemperafareRissociation of NAD from Hs-SAHH (36-37
°C) and Tc-SAHH (26-37 °C) at pH 7.4

enzyme ASY/(J mort K1) AH*/(kJ/mol) ASH (I mort Kb AH¥, (kJ/mol) To (K)
Hs-SAHH 24+ 1 116+ 4 600+ 25 297+ 9 314+ 21 (41°C)
Tc-SAHH 170+ 15 1544+ 8 6104+ 30 287+ 8 302+ 34 (29°C)

aValues obtained from fits to eqs 6 and 7 of the data shown in FigubdRe temperature of intersection of the high-temperature and low-
temperature limbs of the temperature dependence and thus the temperature of conversion between the two regimes.

._.
3
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Enzyme activity (arbitrary unit)
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Enzyme activity (arbitrary unit)
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\\q
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100 a
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150+
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504
304
0-
T T T T T 0 T r :
0 6 12 18 24 0 6 2 18 24
Time (min) Time (min)

Ficure 3: Time course of the increase in enzyme activity as NA3sociates with the apo forms of Hs-SAHH (a) and Tc-SAHH (b) at
23°C and pH 7.4. In each case, representative curves are shown for low, medium, and high concentrations$ ¢ifidi#ified on the

graphs by values of [NAD] in micromolar). The lines are plots of eq 8, with paramet&sgthe initial activity, reflecting the fast-binding
component) A; (the final activity, reflecting the sum of fast-binding and slow-binding components) kgpdthe rate constant for the
slow-binding component), the values of which will be presented in subsequent figures. Note that all three parameters increasg as [NAD
increases.

3.04 0.35-
2.5 0.304
2.0 0251
—% 15] k=550 x1075" E 020] | k=6002x10"s"
o 1.0 * K =19@)uM £0.151 K =3.8(0.6) uM
05 k/K =2.9(12)x10°M's" ~ 0.10] k/K =1603)x10°M's"
0.0 = Hs-SAHH 0.05- » Tc-SAHH
0 20 40 60 80 100 0 50 100 150 200 250 300
[NAD'] (uM) [NAD'] (uM)

Ficure 4. Dependence on the concentration of NABf the rate constants for the slow-binding phase of the association of N#th

the apo forms of Hs-SAHH and Tc-SAHH at 2@ and pH 7.4. Some obvious signs of cooperativity for Hs-SAHH have been neglected,

and the data in both cases have been fitted to the simple hyperbolic saturation function of eq 9c. The parameters are shown in the figures
with the standard deviations of fit in parentheses.

component of activity should depend on [NAPaccording and K, are equilibrium dissociation constants for NAD
to eqs 9a9c, respectively. from three different forms of the active site (more detail is
given in the Discussion). The data in Figure 4 were fit to

A, = (A/2)[[NAD (K" + [NADT]M)]  (9a) eq 9c, resulting in the values ¢ and K, shown in the

figure.
A = A[[NAD +]/(Kf+ [NAD*])] (9b) The dependence of the rate constégy, on cofactor
concentration for the slow-binding reaction thus exhibits
Kapp= K{INAD +]/(Ka+ [NAD *])] (9¢) saturation above~30 uM for both enzymes (Figure 4),

consistent with the previous report for the rat liver enzyme
Here A is the total enzyme activity at a saturating NAD  (19) that the slow-binding rate constant is independent of
concentration after completion of slow bindinky, is the cofactor concentration in the concentration range studied by
limiting rate constant for slow binding at a high NAD  those authors (185555uM). Furthermore, the affinities for
concentration,n is a Hill coefficient needed to give an NAD™ of the various forms of the enzymes envisioned in
approximate account of apparent cooperativity, KpdK;, the model described in the Discussion are sufficiently low
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Ficure 5: Dependence on [NAT] of the fractions of enzyme activity generated in the fast-binding phasé(eq 8), the slow-binding
phase & — A, in eq 8), and the total activity’¢ in eq 8). The data were obtained in the kinetic experiments summarized in Figure 3, with
those at the left (A) for Hs-SAHH and those at the right (B) for Tc-SAHH. For each enzyme, the data for fast binding, total binding, and
slow binding were independently fitted to eq 9a, eq 9b, and eg 8l 9a, respectively, to obtain the parameters given in the text. Equation

9a was used for fast binding in place of a hyperbolic function because of the distinctly sigmoid appearance of the data for Hs-SAHH;
eq 9a was then also used for consistency in treating the data for Tc-SAHH, where the sigmoid character is less pronounced.

that even when the concentrations of the enzyme (monomers) 204 30 o *C
and cofactor are equal at AM, only ~20—25% of the
monomers are occupied by the cofactor at the end of the 1.64
experiment, so roughly first-order kinetics are observed in
this case, and more rigorously as the concentration of co-
factor increases (Figure 3).

Partition between Fast and Slow Binding of NARb
Hs-SAHH and Tc-SAHH as a Function of [NAD
Figure 5 shows the fractional activity produced in the fast-
binding phase (as measuredAy the activity at the apparent 0.41 Te-SAHH
zero of time), in the slow-binding phase (as measureéby . : .
— A,), and the total fractional activity produced in both 0.00315  0.00330  0.00345
phasesAy), all as a function of the cofactor concentration. T (K
The total fractional activity is saturated at close to unity in - Figure 6: Temperature dependence of the rate constant for the
the range of 1620uM cofactor for both enzymes. The slow-  slow-binding phase of the association of NAith the apo forms
binding reaction dominates at low cofactor concentrations, of Hs-SAHH (top curve) and Tc-SAHH (bottom curve). The lines
increasingly so until it accounts for80—85% of the total ~ are Plots of eq 10 with the parameters listed in Table 2. The rate

L constants were obtained in kinetic experiments of the kind sum-
activity at~10 uM cofactor for both enzymes. Thereafter,  -ized in Figure 3.
the fast-binding reaction increases in relative importance until
the two processes each account for half the total activity
above~50uM cofactor for Hs-SAHH and above300uM Ki=20+04uM, n=1.74+ 0.4, andA; = 1.13+ 0.09.
cofactor for Tc-SAHH. Mean values of the parameters are listed in Table 5.

For Hs-SAHH, the fast-binding component shows extraor-  Temperature Dependence of the Slow-Binding Kinetics of
dinary cooperativity as evidenced by the sigmoid appearancethe Association of NAD with Hs-SAHH and Tc-SAHH
of the fast-binding curve in Figure 4. To account ap- The effect of temperature on the slow-binding rate constant
proximately for this characteristic, the Hill equation (eq 9a) for association of NAD with Hs-SAHH and Tc-SAHH is
was employed to fit the data in Figure 4. Slow binding was shown by the Eyring plots in Figure 6. The rate was
described by eq 9b- eq 9a. For total binding, the simple measured at .uM NAD*, where the reaction is ap-
hyperbolic form of eq 9b was adequate and was therefore proximately first-order in the cofactor for both enzymes (see
employed. Although the sigmoid character of the fast-binding Figure 4), and the first-order rate constakgs were divided
curve for Tc-SAHH is less pronounced, the same three by 5uM to produce the second-order rate constpthat
equations (egs 9&9c) were also used for these data. are plotted.

For Hs-SAHH, the fast-binding data yield the following: On the basis of a model, developed in more detail in the
Ko=35+1uM,n=2.7+ 0.2, andA, = 1.27+ 0.04. The Discussion, in which a partial, reversible, and perhaps quite
total-binding data withn effectively fixed at 1.0 yield local unfolding at higher temperatures deprives both enzymes
the following: K = 1.4+ 0.1 uM and A, = 1.01+ 0.02. of the capacity to bind cofactor, the apparent second-order
The slow-binding data yield the followingK, = 30 £+ rate constank, for cofactor binding will be given b, [1/
4uM, Kf=1.3+0.3uM, n=3.84+ 1.4, andA; = 0.97+ (1 + Kun)], wherek,, is the second-order rate constant for
0.06. For Tc-SAHH, the fast-binding data yield the follow- binding of cofactor to the native form of the enzyme and
ing: Ko =45+ 4uM, n=154+ 0.1, andA = 0.94 + the factor in parentheses is the fraction of enzyme in the
0.04. The total-binding data with fixed at 1.0 yield the native form, Ky, being the equilibrium constant for the
following: K = 1.5+ 0.2uM and A, = 1.01+ 0.02. The unfolding. The temperature dependence of the apparent
slow-binding data yield the followingK, = 31 + 9 uM, association constakg will then be described by eq 10, where

In (k_/T)

0.8
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Table 2: Thermodynamic and Quasi-Thermodynamic Parameters for Association of WDHs-SAHH and Tc-SAHH at Temperatures in

the Interval of 1145 °C

ASon AHo, ASun AH®yn
enzyme (J Ktmol™) (kJ/mol) (J Ktmol™) (kJ/mol) AH®W/ASyn (K)
Hs-SAHH —56+9 38+3 788+ 5 243+ 2 308+ 3(35°C)
Tc-SAHH 225+ 13 118+ 4 631+ 8 182+ 2 288+ 5 (15°C)

Table 3: Equilibrium Dissociation Constants for NAGBrom Its Complexes with Hs-SAHH and Tc-SAHH at Temperatures from 30 t8C37

Hs-SAHH, K NAD*
(nM) [temp CC)]

Tc-SAHH, KA+
(uM) [temp (C)]

9.6+ 0.4 (30°C) 13+ 1 (32°C)

0.63+0.04 (30°C) 2.1+ 0.2 (32°C)

17+ 1 (34°C)

5.7+ 0.6 (34°C)

31+3(37°C)  AH° =130+ 9 kd/mol;
AS =274+ 9 JmoltK1
AH° = 3784+ 24 kJ/mal;

AS =1131+ 83 J mott K1t

194 2 (37°C)

we take the standard-state concentration of NADAD *]ss
to be 1 M:

In(k/T) = AS’,/JR— AH'_JRT— In[1 + expAS’ /R —
AH°,/RT)] — In[NAD "]+ In(k/h) (10)

where the subscript on denotes the quasi-thermodynamic

parameters of activation for cofactor binding and the

subscript un denotes the thermodynamic parameters of the
reversible unfolding process. The values of these quantities

are given in Table 2. The table also gives thid°,yASn
ratio, a rough measure of the “melting temperature” for the
structural transition under observation.

Equilibrium Dissociation Constants for Dissociation of
NAD" from Hs-SAHH and Tc-SAHH in the Temperature
Range of 3637 °C. From the k,, and k. values at
temperatures between 30 and 3Z (Figures 2 and 6),
equilibrium dissociation constant&NP* for NADT were
calculated for Hs-SAHH and Tc-SAHH (Table 3). The values
are on the order of nanomolar for Hs-SAHH and micromolar
for Tc-SAHH with the value of the KgVAP*)1o/(KMNP)ps
ratio being~600 at 37°C. Table 3 also shows the values of
enthalpies and entropies for dissociation of NAfbom the
two enzymes.

Kinetics and Thermodynamics at 3C of the Association
with and Dissociation from Tc-SAHH and Hs-SAHH of
NADH. The equilibrium constant&N*PH for dissociation
of NADH from its complexes with Hs-SAHH and Tc-SAHH
were measured by competition between NAQvith dis-
sociation constants given in Table 3) and NADH, as
described above. The values are %.0.1 nM for Hs-SAHH
and 694+ 6 nM for Tc-SAHH.

At NADH concentrations of<7 uM, the association rate
with Hs-SAHH s first-order in NADH so that the rate
constantk,, could be measured as 194090 M s for
Hs-SAHH and 930+ 90 M~! s for Tc-SAHH.

The dissociation of NADH from Hs-SAHH is too slow to
allow measurement of the rate constant for dissociatigg),
but kit can be computed frolKNPHk,, as (9.7+ 2.0) x
106 s, A similar calculation for Tc-SAHH yields a value
of (644 10) x 10°°s%, while a direct measurement, which
is possible here, yields a value of (896) x 10°° s

Thermal Stability of the Apo Forms of Hs-SAHH and Tc-
SAHH Melting temperatures were determined by both DSC
and CD for the thermal unfolding of the two proteins. The
values for apo-Hs-SAHH are 440 0.3 (DSC) and 44.2
0.4 °C (CD) and for apo-Tc-SAHH are 538 0.4 (DSC)
and 52.8+ 0.4°C (CD). At temperatures below these values,

Table 4: Rate and Equilibrium Constants for the Association and
Dissociation of S-NAD and S-NADH with Hs-SAHH and
Tc-SAHH at 37°C

enzyme ligand ko2 (M71s™Y) kot (x1Fs7Y) Kg (NM)
Hs-SAHH S-NAD" 4153+ 303 1624+ 11 39+1
S-NADH 4000+ 712 148+ 26 37+ 1
Tc-SAHH S-NAD" 356+ 29 5450+ 300 15300+ 9000
S-NADH 467+ 59 304+ 26 651+ 60

a Calculated a%o/Kg.

apo-Hs-SAHH loses its capacity to bind NAQand thus
become an active catalyst) more rapidly than does apo-Tc-
SAHH (at 22°C, Hs-SAHH loses this capacity completely
within 30 h, while Tc-SAHH still retains half of its capacity

at 90 h).

Evaluation of the NAD and NADH Analogues S-NAD
and S-NADH as Seleet Inhibitors for Hs-SAHH and Tc-
SAHH S-NAD" and S-NADH, the side chain thione
analogues of the natural cofactors, were tested for their ability
to inhibit AdoHcy hydrolase activity. Hs-SAHH and Tc-
SAHH, reconstituted with S-NAD, exhibit ~1% of the
activity of the NAD" form, and the S-NADH forms of both
enzymes exhibit no measurable activity. The association and
dissociation rate constants and equilibrium dissociation
constants for S-NAD and S-NADH with Hs-SAHH and Tc-
SAHH at 37°C are summarized in Table 4. As a test of the
relative efficacy of these substances as inhibitors of Hs-
SAHH and Tc-SAHH, the enzymes (both in their active
NAD™ forms) were exposed to 50M S-NAD* or 20 uM
S-NADH in the presence of 5a@M NAD™ to simulate
roughly the estimatedl@) 70 uM levels of NAD" in vivo
(Figure 5). Hs-SAHH was affected very little (2% inhibition
with each inhibitor) in the first 5 min, during which Tc-
SAHH lost 45% of its activity with S-NAD or 52% with
S-NADH. An apparent equilibrium was reached for Tc-
SAHH after exposure for 2020 min with all activity lost
in the presence of S-NADH and approximately half lost in
the presence of S-NAD The apparent equilibrium for Hs-
SAHH is reached after incubation for only 12 h.

DISCUSSION

Kinetics of the Dissociation of NADirom Hs-SAHH and
Tc-SAHH The data presented in Figure 1 and Table 1 show
that the dissociation of 4 equiv of NATCfrom the four active
sites of homotetrameric SAHH proceeds by a simple first-
order reaction, making no distinction in the rate of dissocia-
tion among the four active sites. The loss of cofactor thus
exhibits no apparent cooperativity. The rate constants for
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dissociation are substantially larger for Tc-SAHH than
for Hs-SAHH; for example, at 37C, dissociation from
Tc-SAHH is approximately 90-fold faster (legend of
Figure 1).

Temperature Dependence of the Kinetics of the Dissocia-
tion of NAD' from Tc-SAHH and Hs-SAHHFigure 2
shows that the rate constants of NAElissociation in the
cases of both Hs-SAHH and Tc-SAHH generate nonlinear
Eyring plots. The upward curvature or “bowl shape” of these
two plots can arise from a number of sources. The possible
explanations are not always practically or even theoretically
distinguishable, but a reasonable hypothesis would be that a
structural change in the enzyme as the temperature is changed
affects the activation parameters for the dissociation reaction.FIGURE 7: 'a(}SSzOf aCtéVity of HS-SdN'f'H (tgp Cvae,dfé)lr 50M
Attempis to describe he temperature dependence SIMPly by3y L. S o e o Sk e
two parallel routes of dissociation with different activation ontaining 44M enzyme and 5@M NAD* at 37°C and pH 7.4.
parameters were unsuccessful. The data are too sparse tgrrors were calculated from two independent measurements.
evaluate in detail the hypothesis of a thermally induced
structural transition, but some comments on the activation Obsewed Kinetics of the Association of NADQvith Tc-
parameters in the high-temperature and low-temperatureSAHH and Hs-SAHHThe association process, in contrast
regimes can be made. to the dissociation process, appears kinetically complicated,

As Table 1 shows, the value aofH* along the low- as shown in Figures-35. The association processes for Hs-
temperature limb of the Eyring plots is 116 kJ/mol for Hs- SAHH and Tc-SAHH exhibit qualitatively similar but
SAHH and 154 kJ/mol for Tc-SAHH, so if entropic quantitatively different characteristics, as measured by the
contributions were equal, the cofactor would dissociate from appearance of enzyme activity when NABecomes bound
Hs-SAHH 4 x 1(P-fold faster than from Tc-SAHH at 300 in the active sites.

K. In fact, the values oAS' along the low-temperature limb For each enzyme, there is a fraction of occupatigrof

of the Eyring plots are 24 J mdl K~ for Hs-SAHH and the total binding that occurs during the dead time of the
170 J mot! K~ for Tc-SAHH, a difference that, taken alone, experiment and depends in a saturating manner on [NAD
would confer a rate advantage of&410’-fold on dissociation A first-order time-dependent fraction of binding with rate
from Tc-SAHH over Hs-SAHH. The entropic contribution  constantkap, then follows, andks, also depends in a
thus more than overcomes the enthalpic contribution so thatsaturating manner on [NAD. The total fraction of binding
dissociation of NAD from Tc-SAHH is faster than that from  A; at the end of the slow-binding phase depends in a
Hs-SAHH by roughly 10-fold in the low-temperature regime. saturating manner on [NALD and corresponds to full

Along the high-temperature limb of the Eyring plots, the occupancy of all active sites at high cofactor concentrations.
values of AH* and AS" for the two enzymes are within  All three kinetic parameters of bindinge, A, andkapp thus
experimental error of each other (but note the long extrapola- exhibit saturation behavior with cofactor concentration, but
tion of a few points to obtain the values). Phenomenologi- the half-saturation concentrations of the cofactor are different
cally, dissociation from Tc-SAHH occurs more rapidly than in each case (Figures 4 and 5).
from Hs-SAHH by factors in the range of £@00-fold, and Figure 5 also shows that the fraction of activity generated
indeed, the mean values of botiH* andAS favor a more by the slow-binding phenomenorA( — A,) exhibits a
rapid dissociation from Tc-SAHH by factors in this range. particularly complex dependence on [NADAt low NAD *
One feature of the data is that the conversion temperatureconcentrations, the slow-binding fraction increases sharply
between the thermal regimes, which is given by eq 7 above, until it accounts for more than 80% of the total binding.
is considerably higher for Hs-SAHH{41 °C) than for Tc- Thereafter, it falls as the fast-binding fraction increases until
SAHH (~29°C). The result is that at 37C, Tc-SAHH has at high NAD" concentrationsX60 uM for Hs-SAHH and
entered the high-temperature regime and the rate constant200 uM for Tc-SAHH), both the slow-binding and fast-
has been increasing rapidly with temperature while Hs- binding phenomena account for roughly half of the enzyme
SAHH remains in the low-temperature regime, where the activity.
rate constant is not increased as much by the increasing A Model for the Kinetics of Association of NAvith Hs-
temperature. At 37C then, dissociation from Tc-SAHH is  SAHH and Tc-SAHHA model that accommodates these
~90-fold faster than from Hs-SAHH. observations is depicted in Figure 8. Its basic assumption is

The large increase in the values of the entropies of that apo-SAHH from both species, before exposure to
activation for dissociation of NAD from both enzymes as  cofactor, contains two equally populated classes of active
the temperature increases through the range ef480°C sites. Upon introduction of cofactor, all sites can and do bind
may suggest that the faster dissociation rates at higherNAD™ rapidly; however, in one class of sites (dissociation
temperatures derive in part from an increased mobility in constant,), binding of NAD" generates a fully functional
the apoenzyme of the unoccupied binding site for NAD  active site, while in the other class of sites (dissociation
The fact that the conversion temperature is lower for Tc- constanKy), binding of NAD' generates no enzyme activity.
SAHH would then suggest that the ease with which the Thus, the initial activityA, (see Figures 35 and eqs 9
increased mobility can be thermally induced is greater for above) is given by the total population of potentially
Tc-SAHH. functional sitesA/2) multiplied by the fraction of these sites

Hs-SAHH + S-NAD(H)

15
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e
(o)}
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Fast-binding phase Slow-binding phase the slow phase and (b) the slow phase leads to the generation
< > < > of two potentially functional sites of high affinity where only
the nonfunctional partner was occupied initially, the over-

N N shoot phenomenon results at low cofactor levels. At low
(N) ( ) K ZKNK +N) NADT levels, the occupancy of the initially functional sites
—_ ~ N is low (especially as a consequence of the cooperativity in

N their occupation), and the occupancy of nonfunctional sites
8% is relatively high. The highly occupied nonfunctional sites

< > < N> N = then transform along with their partner sites into fully

functional sites of still higher affinity. These factors combine
A, =(A/2NTK+N) A, = (A)N/K, +N) to generate the overshoot characteristic.

Ficure 8: Speculative model for association and time-dependent The exlpressmn over the arrow dgscrlbesMrdEpendence

activation of apo-SAHH by binding of NAD The tetrameric  Of Kapp (Figure 4), and the expression below the right-hand

apoenzyme molecule is assumed to contain two classes of bindingbox describes th&l dependence of¢ (Figure 5).

sites in equal amounts, the molecule thus being represented by a The values of the parameters of the model, as understood

square-circle shape. The box at the left represents the situation ; ; .
during the fast-binding phase. Upon introduction of the cofactor, from Figure 8 and eqgs 9, are given in Table 5. The values

represented by the letter N, both classes of sites are assumed t§/€re obtained by fitting of the data of Figures3to eqs 9
become wholly or partially occupied as shown in the box at the as described in the Results.

left. The circle sites are assigned a cofactor dissociation constant To put into quantitative terms the description given above,
Ko and are assumed to be fully capable of catalysis when occupied.f5st binding of NAD" within the dead time of the experiment

The square sites are assigned a cofactor dissociation coigtant . . . . . .
and they are assumed to be incapable of catalysis whether they ard® potentially functional sites from which the dissociation

occupied by N or not. Equilibration of binding occurs within the ~ constantks is 33 uM (Hs-SAHH) or 38uM (Tc-SAHH)
dead time of the experiment and constitutes the fast phase ofoccurs. At the same time, sites with no catalytic capacity
generation of catalytic activity, which arises solely from the put greater affinity K, = 19 uM for Hs-SAHH and~4 uM
occupied circle sites. The initial activity is then equalgmas shown for Tc-SAHH) are rapidly occupied. A time-dependent

below the box at the left. The box at the right represents the situation - . : .
following the slow-binding phase. During the slow phase, those CONVErsion of these sites (and their partner sites whether they

species that contain N bound into a square site undergo aare occupied or not) to fully active sites then enskes-(L0-
reorganization in which the occupied square site and the adjacentfold larger for Hs-SAHH and corresponding to characteristic
circle site, whether it is occupied or not, are converted to oval sites times of~20 s for Hs-SAHH and 3 min for Tc-SAHH). At

as shown at the right. Oval sites have the same catalytic activity aSihe end of the time-dependent phase, all active sites have
circle sites, but their substrate affinity is greater so that, as shown, !

more sites are rapidly occupied, as they become oval sites. ThelN® Same activity and dissociation constant {1146 .M for
reorganization is driven by the fraction of occupied square sites, both enzymes).

thus occurring with rate consta¢N/(K, + N). Because the The qualitative character of the cofactor association
reorganization is irreversible, the entirety of the enzyme will be process is the same for both enzymes, and some quantitative

converted during the slow phase. The resulting enzyme equilibrates . : .
rapidly with free N, with all sites now having a dissociation constant features are similar. For example, the nonfunctional sites of

Kr. The final activity is then given by the expression shown below the apoenzyme bind cofactor approximately twice as tightly
the box at the right. The three equations in the figure are egs 9a as the functional active sites for Hs-SAHH and 10-fold as

9c of the text. tightly for Tc-SAHH. This feature contributes to the over-
shoot of the slow-binding reaction (Figure 5), because more
occupied at a given [NAD = N, i.e., N/(Ko" + N). The of the nonfunctional than the functional sites are initially
Hill equation formalism allows for the sigmoid character of occupied. More important, however, is the fact that each
the N dependence oA, visible in Figure 5. In Figure 8, the  occupied nonfunctional site leads to two functional sites of
initial situation is portrayed by the left-hand box and the high affinity in the final enzyme, and thus, the slow phase
expression for Ais given below the box. comes to account for 8885% of the final activity at NAD
Binding at the nonfunctional sites, although tighter than concentrations below the saturation values for the functional
that to the potentially functional sites, generates no activity. active sites.
Binding of the cofactor in such a site does, however, initiate  These qualitative features apply to both enzymes, but
a time-dependent process (rate constahtin which the quantitative distinctions exist. The achievement of final full
nonfunctional sites, occupied to a fractional extadt(K, activity occurs~10 times faster for Hs-SAHH, as already
+ N)] of their total, are transformedalong with their partner  noted. Furthermore, the rates of cofactor dissociation are
sites whether the latter are occupied or-rimito pairs of quite different for the two enzymes, as will be discussed
active sites both of which are potentially fully catalytically below, and both of these distinctions may be of some
active when occupied by cofactor. This slow-binding phase importance.
leads to a functionally homotetrameric enzyme with an |t should be noted as well that the values Kf the
equilibrium constanK; for dissociation of NAD from any apparent dissociation constants of NADorresponding to
of the active sites. This form of the enzyme is in rapid, a period~30—60 min after mixing of apoenzymes with
reversible cofactor binding equilibrium at all active sites.  cofactor, are on the order of-2 uM (23 °C) for both Hs-
The situation at the end of the slow-binding phase is SAHH and Tc-SAHH (Table 5). When the dissociation
represented in Figure 8 by the box on the right-hand side. constants of NAD are instead calculated as the ratio of
Since binding at all sites is now rapid and reversible and dissociation and association rate constants, the dissociation
because (aK: < Ka < K, so that all sites at the end of the rate constants obtained from fully reconstituted enzyme that
slow phase have greater cofactor affinity than any site beforehas not only completed both phases of binding but also
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Table 5: Values of Rate and Equilibrium Constants in the Kinetics of the Fast- and Slow-Binding Phases of the Association Reaction of NAD
with Hs-SAHH and Tc-SAHH at 23C and pH 7.4, According to the Model in Figure 8

Ko (uM), binding to Ka(uM), bindingto  Kf (uM), bindingto ki (s7%), transformation of  kJ/Ka (M~1s™2), binding
fully functional sites nonfunctional sites  fully functional sites apo sites to functional  and transformation of apo

enzyme of apo-SAHH of apo-SAHH of holo-SAHH holo sites sites to holo sites
Hs-SAHH  33+4(n=3.3+1.4) 19+ 8 144+0.3 (5.54+0.8) x 10°? (29+1.2)x 10°
Tc-SAHH  38+9(n=1.6+0.4) 3.8+ 0.6 1.8+ 0.4 (6.04+ 0.2) x 1072 (1.6+0.3) x 1¢°

thereafter undergone further maturation for hours or more, energy, positive entropy from liberation of water molecules);
KNAP* for Tc-SAHH remains approximately the same [0.6 however, few proteircofactor interactions have developed,
uM at 30°C (Table 3)]. In contrast, thi&NAP™ for Hs-SAHH and thus, the liberation of binding energy and rigidification
is around 10 nM at 30C, roughly 100-fold smaller thak;. of structure cannot cancel the contributions just described.
These results seem to indicate that the loose binding observed The thermodynamic values for the equilibrium constant
for Tc-SAHH after 36-60 min persists and represents the of the postulated unfolding phenomenon are not extremely
final thermodynamic equilibrium binding, while with Hs-  different for Hs-SAHH and Tc-SAHHAH®,, ~ 243 and
SAHH, a further change in the strength of binding occurs 182 kJ/mol, respectively, amiS’,, ~ 788 and 631 J mot
over some hours, resulting in a further 100-fold increase in K1, respectively (Table 2)]. The ratigsH°,/AS’y, of these
the strength of association of the cofactor with Hs-SAHH. values lead to “melting” temperatures for the corresponding
Temperature Dependence of the Slow-Binding Kinetics of unfolding process of 35 (Hs-SAHH) and 16 (Tc-SAHH),
the Association of NADwith Hs-SAHH and Tc-SAHH he not far from the temperatures at which the two Eyring plots
data in Figure 6 were obtained a1 NAD " so that for exhibit maxima [34°C for Hs-SAHH and 17°C for Tc-
Hs-SAHH [K, = 19 uM at 23 °C (Table 5)] the apparent SAHH (Figure 6)]. It should be noted that this melting
second-order rate constaky is roughly equal toky/K,, a does not correspond to global unfolding of the enzymes,
constant similar td./Kv in enzyme catalysis. For Tc-SAHH  which occurs around 4445 (Hs-SAHH) and 5253 °C
[Ka=4uM at 23°C (Table 5)], the situation is not so simple; (Tc-SAHH). This suggests a more local phenomenon is
the phenomenological observation tkain the neighborhood  adversely affecting the capacity of the enzyme to bind the
of 5 uM NAD* remains proportional to [NAD] for Tc- cofactor.
SAHH leads us to treat it as being roughly equakitKa. The maxima are not expected to occur at the global melting
Figure 6 shows that at low temperatures the obsekyésl temperatures but rather at the temperature for which the local
approximately the same for the two enzymes. Extrapolating unfolding process begins to dominate the rate process in
to 23 °C gives a value near 1500 Ms™, not so different determining the value ok, i.e., the temperatur@n.x for
from ki/K; [2900 M s7! for Hs-SAHH and 1600 M! st which d[Inky/T)}/d(1/T) = 0. From this requirement, it
for Tc-SAHH (Table 5)]. emerges that affmayx the fraction of locally unfolded protein
As already noted, the “dome-shaped” temperature depend-Ky"/(1 + Ky = AH*,/AH®,n. This fraction is 0.19 for
ences in Figure 6 can arise from a model in which increasing Hs-SAHH and 0.61 for Tc-SAHH, yieldinémax values of
temperature on the one hand increases the value of the rat®.23 (Hs-SAHH) and 1.6 (Tc-SAHH), when@gax{ =AH°./
constanky/K, while at the same time increasing the fraction [AS’,, — RIN(Kmay]} is found to be 34 (Hs-SAHH) and 16
of protein that has undergone an at least partial, reversible°C (Tc-SAHH), in good agreement with the observed values
unfolding to a form that can no longer bind the cofactor of 34 °C for Hs-SAHH and 17C for Tc-SAHH.
{equilibrium constanK,, so that, as abové, = k,[1/(1 + Equilibrium Dissociation Constants for Dissociation of
Kun)]} with ko being approximately equal ti/Ka. NAD' from Hs-SAHH and Tc-SAHH in the Temperature
As can be seen in both Figure 6 and Table 2, the quasi-Range of 36-37 °C. In this limited temperature range where
thermodynamic parameters of activation kgx are different the on-rate constants and off-rate constants for both enzymes
for Hs-SAHH and Tc-SAHH. The values oAH* are exhibit linear Eyring plots, effective equilibrium dissociation
approximately 38 and 118 kJ/mol, respectively, and the constants can be calculated for NADTable 3). They are
values ofAS' are approximately-56 and 225 J molt K1, substantially larger for Tc-SAHH than for Hs-SAHH, the
respectively. The low-temperature limbs of the temperature ratio ranging from 66 at the low end to 613 at the high end
dependences for the two enzymes do nearly superimposepf the temperature range. The lower relative affinity of Tc-
but only because the enzyme with the more favorable SAHH for the oxidized cofactor derives from the cancellation
enthalpy of activation (Hs-SAHH) also has the less favorable of enthalpic and entropic factors. There is a much greater
entropy of activation. The combination of a small enthalpic enthalpy cost for dissociation from Tc-SAHH (greater by
barrier with a negative entropy of activation for Hs-SAHH 248 4+ 25 kJ/mol), but this is combined with a larger en-
would be consistent with a transition state for Hs-SAHH that tropic advantage for dissociation of NAOrom Tc-SAHH
comes after the development of a considerable part of the(greater by 263+ 25 J mol* K™1). The increased affin-
binding interactions between the cofactor and protein (low ity of several hundred-fold shown by Hs-SAHH thus arises
enthalpy from liberation of binding energy, negative entropy from this cancellation of two very large and opposite
from rigidification of segments of protein and cofactor contributions.
structures). The combination of a larger enthalpic barrier with  For both enzymes, the enthalpy of dissociation of NAD
a positive entropy of activation for Tc-SAHH would be is positive and the entropy of dissociation of NADs
consistent with a transition state for Tc-SAHH that comes positive. This result is expected for the enthalpy because the
at a point where desolvation of the cofactor has advanced toattractive interactions of the cofactor with its binding site
some degree (thus, high enthalpy from loss of solvation must be ruptured upon dissociation. The observed result is
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also expected for the entropy because two particles arethe environment, which occurs by dissociation of N/ABIth
generated from one (a minor contribution) and becausea rate constant at 37C for Hs-SAHH of 5.8x 105 s™!
rupture of the binding interactions allows increased freedom and for Tc-SAHH of 4.7x 1073 s7%, a factor (as noted above)
of motion within both cofactor and enzyme molecules. One that is ~90-fold faster for Tc-SAHH. The exposed site is
interpretation of the much larger values of both the enthalpy then competitively trapped by the inhibitor and the cofactor.
and entropy terms for Tc-SAHH than for Hs-SAHH would  The dissociation is probably the rate-limiting step, and the
be that a substantially greater mobility of the unoccupied half-life of dissociation £2.5 min from Figure 2) should
cofactor-binding site in apo-TcSAHH would require a larger match the half-life of inhibitor binding as is found, the latter
entropy loss to fix in place the enzyme structural elements being (Figure 7)2.5 min for binding of both S-NAD and
that bind to the cofactor (thus a larger entropy gain on S-NADH. As Figure 7 shows, the difference between the
dissociation) but that the same mobility would permit the two inhibitors is the fact that S-NADH is capable of
development of a more favorable set of binding interactions, displacing NAD" and generating complete loss of activity.
producing a larger release of energy upon binding and aThis is consistent with the substantially greater affinity of
larger energy cost for dissociation. This subject will be Tc-SAHH for S-NADH than for S-NAD (nearly 25-fold
addressed in later papers in this series. from Table 4).

Kinetics and Thermodynamics at 3Z of the Association These data thus suggest that the faster off-rate of cofactor
of NADH with and Dissociation of NADH from Tc-SAHH  with Tc-SAHH could be exploited in the design of inhibitors
and Hs-SAHH The association rate constant for NADH is that bind rapidly to the cofactor site of Tc-SAHH but only
approximately twice as large for Hs-SAHH (1940 Ms™?) far more slowly to Hs-SAHH. Such inhibitors could be
as for Tc-SAHH (930 M! s™1), while the dissociation rate  highly selective for the parasitic enzyme on the basis of the
constant is smaller by-6-fold, resulting in a lower affinity kinetic properties of the parasitic and human enzymes even
of NADH for Tc-SAHH than for Hs-SAHH by~14-fold. if, as seen here, the human enzyme has a much larger
This difference is somewhat smaller than that for NAD equilibrium affinity for the inhibitor (greater by 400-fold in
(600-fold tighter with Hs-SAHH), which results from the this case).
fact that the affinity of Hs-SAHH for cofactor is roughly Conclusions.The equilibrium and kinetic properties of
the same whether the cofactor is oxidized or reduced (in the association and dissociation of the cofactor by Hs-SAHH
range of nanomolar in both cases), while the affinity of Tc- and Tc-SAHH are qualitatively similar. Both enzymes bind
SAHH for cofactor is much greater for the reduced form (a NAD* in a complex scheme that behaves as if the apoen-
bit over nanomolar) than for the oxidized form (roughly zyme has two numerically equal classes of sites that bind
micromolar). cofactor and generate catalytic activity either very rapidly

Thermal Stability of the Apo Forms of Hs-SAHH and Tc- (<1 min) or quite slowly &30 min). NAD" dissociates
SAHH As already mentioned, the global unfolding of apo- from all four sites of both enzymes in a single first-order
Hs-SAHH occurs at a temperature approximately °@ reaction. Both enzymes exhibit the “dimer of dimers”
lower than that for apo-Tc-SAHH. Combined with the structure {, 11; unpublished data of Q.-S. Li and W. Huang)
observations above that the two enzymes have differingin which the homotetramer is made up of two pairs of
affinities for both oxidized and reduced cofactors, and that monomers, and within each pair of monomers, a C-terminal
in the case of the oxidized cofactor, these difference arise segment from each partner penetrates into the other partner
from large and opposing differences in enthalpies and subunit and forms part of the cofactor binding site. These
entropies of association and dissociation, the difference intwo communicating active sites may thus correspond to the
overall thermal stability favoring Tc-SAHH may signal two classes of active sites required in the kinetic model for
differences in the dynamics of the cofactor binding sites. binding cofactor that is discussed above.

Since we can detect no structural differences in this region The quantitative properties for cofactor association and
of the enzymes (unpublished data, which refer to the enzymedissociation of Hs-SAHH and Tc-SAHH are very different.
with NADH and oxidized substrate analogue as ligands), the The equilibrium affinities of Hs-SAHH for NAD and
dynamical differences may allow the nucleation of the global NADH are both in the nanomolar range, while the equilib-
unfolding process in the cofactor-binding region, at a rium affinity of Tc-SAHH for NAD* is in the micromolar
temperature lower for Hs-SAHH than for Tc-SAHH. This range and its affinity for NADH in the nanomolar range,
could reflect a greater thermal mobility for the cofactor site not far from the affinity of Hs-SAHH for NADH. The slow

in Hs-SAHH, allowing it to adapt to the cofactor as it binds, binding of NAD" by both enzymes exhibits saturation
leading to stronger affinity. This would conflict, however, kinetics with respect to the cofactor concentration; however,
with the larger entropy of dissociation shown by Tc-SAHH, binding to Hs-SAHH has a maximum rate constant of
so the matter is almost certainly more complicated than this ~0.06 s*, while the rate constant for binding to Tc-SAHH
view. levels out at 0.00678.

Evaluation of the NAD and NADH Analogues S-NAD The dissociation rate constants for NABhow a complex
and S-NADH as Seleet Inhibitors for Hs-SAHH and Tc-  temperature dependence with both enzymes, but the cofactor
SAHH The comparative inhibitory effect of S-NADand always dissociates more rapidly from Tc-SAHH than from
S-NADH on Hs-SAHH and Tc-SAHH (Figure 7 and Hs-SAHH, the ratio being around 80-fold at 3€. This
Table 4) does not depend only on their relative affinity for feature presents an opening for selective inhibition of Tc-
the two enzymes, which is nearly 400-fold greater for Hs- SAHH over Hs-SAHH, demonstrated with the thioamide
SAHH in the case of S-NAD and nearly 20 times greater analogues of NAD and NADH, which inactivated Tc-
for Hs-SAHH in the case of S-NADH. Instead, the major SAHH 60% (NAD" analogue) or 100% (NADH analogue)
factor is the exposure of an empty cofactor binding site to within 30 min, while the level of inhibition of Hs-SAHH
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approached 30% only after 12 h. The following papers in
this series will present information that illuminates the
structural features of Hs-SAHH and Tc-SAHH that are
responsible for these differences.
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